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ABSTRACT 
The Favre-averaged scalar dissipation rate transport conditional on local flow topologies in 
premixed turbulent flames has been analysed based on a detailed chemistry Direct Numerical 
Simulation database of statistically planar turbulent hydrogen-air premixed flames with an 
equivalence ratio of 0.7 representing the corrugated flamelets, thin reaction zones and broken 
reaction zones regimes of premixed turbulent combustion. The local flow topologies have been 
categorised by the values of the three invariants of the velocity gradient tensor and the statistical 
behaviour of the Favre-averaged scalar dissipation rate conditional on these flow topologies 
has been analysed in detail for different choices of reaction progress variable.  The qualitative 
behaviour of the scalar-turbulence interaction term in the Favre-averaged scalar dissipation rate 
transport equation has been found to be affected by the regime of combustion, whereas the 
chemical reaction rate gradient contribution to the scalar dissipation rate transport has been 
found to be affected by the choice of the reaction progress variable. The topologies, which exist 
for all values of dilatation rate, contribute significantly to the Favre-averaged scalar dissipation 
rate transport in premixed turbulent flames for all regimes of combustion. In addition, the flow 
topologies, which are obtained only for positive values of dilatation rate, contribute 
significantly to the Favre-averaged scalar dissipation rate transport in the case representing the 
corrugated flamelets regime combustion. An unstable nodal flow topology, which is 
representative of a counter-flow configuration, has been found to be a dominant contributor to 
the Favre-averaged scalar dissipation rate transport for all regimes of combustion irrespective 
of the choice of reaction progress variable. 
 
Keywords: Scalar dissipation rate, turbulent premixed combustion, flow topology, velocity 
gradient tensor, combustion regimes 
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1. INTRODUCTION 
Scalar dissipation rate (SDR) plays a pivotal role in turbulent reacting flows as this quantity 
characterises the rate of micro-mixing [1], and the mean/filtered reaction rate is proportional 
to the product of mean/filtered gas density 𝜌 and Favre averaged/filtered SDR in the flamelet 
regime of combustion [2-5]. The instantaneous SDR of reaction progress variable (RPV) 𝑐 is 
defined as [1-5]: 𝑁𝑐 = 𝐷∇𝑐. ∇𝑐 where 𝐷 is the diffusivity of RPV. A number of recent analyses 
concentrated on the statistical behaviours and modelling of SDR and its transport in different 
combustion regimes [1,5-8], turbulent Reynolds number [9] and global Lewis number [10,11]. 
However, the effects of flow topologies on the SDR transport in different regimes of 
combustion are yet to be clearly understood.  
 
All possible turbulent flow topologies can be categorised into 8 generic canonical flow 
configurations [12,13], and these are obtained depending on the values of first, second and third 
invariants (i.e. 𝑃, 𝑄 and 𝑅, respectively) of the velocity gradient tensor 𝐴𝑖𝑗 = 𝜕𝑢𝑖 𝜕𝑥𝑗⁄ = 𝑆𝑖𝑗 +
𝑊𝑖𝑗 where 𝑆𝑖𝑗 = 0.5(𝐴𝑖𝑗 + 𝐴𝑗𝑖) and 𝑊𝑖𝑗 = 0.5(𝐴𝑖𝑗 − 𝐴𝑗𝑖). The eigenvalues of 𝐴𝑖𝑗 are 𝜆1, 𝜆2 
and 𝜆3 which are the solutions of the characteristic equation 𝜆
3 + 𝑃𝜆2 +𝑄𝜆 + 𝑅 = 0 with its 
invariants 𝑃, 𝑄 and 𝑅 [12,13]: 
                                       𝑃 = −𝑡𝑟(𝐴𝑖𝑗) = −(𝜆1 + 𝜆2 + 𝜆3) = −𝑆𝑖𝑖                                                (1i) 
                                   𝑄 = 0.5(𝑃2 − 𝑆𝑖𝑗𝑆𝑖𝑗 +𝑊𝑖𝑗𝑊𝑖𝑗) = 𝑄𝑆 +𝑊𝑖𝑗𝑊𝑖𝑗 2⁄                              (1ii) 
                                  𝑅 = (−𝑃3 + 3𝑃𝑄 − 𝑆𝑖𝑗𝑆𝑗𝑘𝑆𝑘𝑖 − 3𝑊𝑖𝑗𝑊𝑗𝑘𝑆𝑘𝑖)/3                                  (1iii) 
The positive (negative) values of the discriminant, 𝐷 = [27𝑅2 + (4𝑃3 − 18𝑃𝑄)𝑅 + 4𝑄3 −
𝑃2𝑄2]/108, of the characteristic equation 𝜆3 + 𝑃𝜆2 + 𝑄𝜆 + 𝑅 = 0  lead to focal (nodal) 
topologies [12,13]. The 𝐴𝑖𝑗   tensor exhibits one real eigenvalue and two complex conjugate 
eigenvalues for focal topologies, whereas 𝐴𝑖𝑗 shows three real eigenvalues for nodal 
topologies. The surface 𝐷 = 0 leads to two subsets [12,13]: 𝑟1𝑎 = 𝑃(𝑄 − 2𝑃
2/9)/3 −
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2(−3𝑄 + 𝑃2)3 2⁄ /27 and 𝑟1𝑏 = 𝑃(𝑄 − 2𝑃
2/9)/3 + 2(−3𝑄 + 𝑃2)3 2⁄ /27. The strain rate 
tensor 𝐴𝑖𝑗 has purely imaginary eigenvalues on the surface 𝑟2: 𝑅 = 𝑃𝑄 in the region 𝐷 > 0. 
The surfaces 𝑟1𝑎, 𝑟1𝑏 and 𝑟2  divide the 𝑃 − 𝑄 − 𝑅 phase space into 8 flow topologies (S1-S8), 
as shown schematically in Fig. 1 [12,13] (S2 topology is schematically shown for later 
discussion). Relatively limited effort has been directed to the analysis of flow topology 
distributions in turbulent combustion [14-21]. This analysis considers a detailed chemistry 
Direct Numerical Simulation (DNS) database of turbulent premixed H2-air flames spanning the 
corrugated flamelets (CF), thin reaction zones (TRZ) and broken reaction zones (BRZ) 
regimes. The objectives of this analysis are: (a) to demonstrate the differences in the SDR 
transport conditional on flow topologies for different combustion regimes; (b) to identify the 
dominant flow topologies contributing to the SDR transport and offer physical explanations for 
the observed behaviours. The main implications of the aforementioned objectives are to 
identify dominant flow topologies which contribute to the SDR transport so that simplified 
experimental and theoretical frameworks can be constructed based on simplified canonical 
configurations. 
 
2. MATHEMATICAL BACKGROUND & NUMERICAL IMPLEMENTATION 
The RPV 𝑐 can be defined as:  𝑐 = (𝑌0 − 𝑌)/(𝑌0 − 𝑌∞) where 𝑌 denotes the mass fraction of 
the species used for the definition of RPV, and the subscripts 0 and ∞ depict values in the 
unburned and fully burned gases, respectively. The transport equation of the Favre-averaged 
SDR ?̃?𝑐 = 𝜌𝐷∇𝑐. ∇𝑐̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ /?̅? takes the following form after ignoring the contributions of 
𝐷 variations [1-11]: 
?̅?
𝜕𝑁?̃?
𝜕𝑡
+ ?̅?𝑢?̃?
𝜕𝑁?̃?
𝜕𝑥𝑗
=
𝜕
𝜕𝑥𝑗
[𝜌𝐷
𝜕𝑁𝑐
𝜕𝑥𝑗
]
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
⏟        
𝐷1
+ 𝑇1 + 𝑇2 + 𝑇3 + 𝑇4 − 𝐷2 (2i) 
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𝑇1 = −𝜕(𝜌𝑢𝑗′′𝑁𝑐′′̅̅ ̅̅ ̅̅ ̅̅ ̅) 𝜕𝑥𝑗⁄   (2ii) 
𝑇2 = −2𝐷[?̇? + ∇ ∙ (𝜌𝐷∇𝑐)] (𝜕𝑐 𝜕𝑥𝑘⁄ )(𝜕𝜌 𝜕𝑥𝑘⁄ )/𝜌̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (2iii) 
𝑇3 = −2𝜌𝐷 (𝜕𝑐 𝜕𝑥𝑗⁄ )(𝜕𝑢𝑗 𝜕𝑥𝑘⁄ )(𝜕𝑐 𝜕𝑥𝑘⁄̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )  (2iv) 
𝑇4 = 2𝐷 (𝜕?̇? 𝜕𝑥𝑘)⁄ (𝜕𝑐 𝜕𝑥𝑘)⁄̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (2v) 
𝐷2 = 2𝜌𝐷2 (𝜕2𝑐 𝜕𝑥𝑘𝜕𝑥𝑖)⁄ (𝜕2𝑐 𝜕𝑥𝑘𝜕𝑥𝑖⁄̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) (2vi) 
where ?̅?, ?̃? = 𝜌𝑞̅̅̅̅ /?̅? and 𝑞′′ = 𝑞 − ?̃? are the Reynolds average, Favre-average and Favre 
fluctuation of a general variable 𝑞 respectively, and ?̇?  is the chemical reaction rate. In eq. 2i, 
𝐷1 is the molecular diffusion term and 𝑇1 is the turbulent transport term. The terms 𝑇2, 𝑇3, 𝑇4 
and (−𝐷2) are referred to as the density gradient, scalar-turbulence interaction, reaction rate 
gradient and molecular dissipation contributions to the SDR transport.  
 
         
 
Figure 1: (Top) Classification of S1 − S8 topologies in the 𝑃 − 𝑄 − 𝑅 space. The lines 
(defined by the cyan and grey surfaces) 𝑟1𝑎 (red), 𝑟1𝑏 (blue) and 𝑟2 (green) dividing the 
topologies are shown. Black dashed lines correspond to 𝑄 = 0 and = 0 . (Bottom) Schematic 
of S2 topology: unstable node and 2 saddle points. 
 
The statistical behaviours of the unclosed terms 𝑇1, 𝑇2, 𝑇3, 𝑇4 and (−𝐷2) conditional on flow 
topologies will be analysed here based on a three-dimensional DNS [22] database, employing 
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a detailed chemical mechanism [20] with 9 steps and 19 reactions for hydrogen-air flames. The 
unburned gas temperature 𝑇0 is taken to be 300K, which gives rise to an unstrained laminar 
burning velocity 𝑆𝐿 = 135.6 cm/s  under atmospheric pressure. Details are found in Ref. [22] 
and here a brief description is provided. Turbulent inflow and outflow boundaries are specified 
in the direction of mean flame propagation and transverse boundaries are periodic. The mean 
inlet velocity has been modified gradually to match the turbulent flame speed as the simulation 
progresses so that a statistically stationary state can be obtained. The inflow values of 
normalised root-mean-square turbulent velocity fluctuation 𝑢′/𝑆𝐿 , turbulent length scale to 
flame thickness ratio 𝑙𝑇/𝛿𝑡ℎ, Damköhler number 𝐷𝑎 = 𝑙𝑇𝑆𝐿/𝑢
′𝛿𝑡ℎ, Karlovitz number 𝐾𝑎 =
(𝜌0𝑆𝐿𝛿𝑡ℎ 𝜇0⁄ )
0.5(𝑢′ 𝑆𝐿⁄ )
1.5(𝑙𝑇 𝛿𝑡ℎ⁄ )
−0.5 and turbulent Reynolds number 𝑅𝑒𝑡 = 𝜌0𝑢
′𝑙𝑇/𝜇0  for 
all cases are listed in Table 1 where 𝜌0  is the unburned gas density, 𝜇0  is the unburned gas 
viscosity, 𝛿𝑡ℎ = (𝑇𝑎𝑑 − 𝑇0)/max|∇𝑇|𝐿 is the thermal flame thickness and the subscript ‘L’ is 
used to refer to the unstrained laminar flame quantities. The instantaneous, adiabatic flame and 
unburned gas temperatures are shown by 𝑇, 𝑇𝑎𝑑  and 𝑇0 respectively. The cases investigated 
here are representative of the CF (i.e. case A with 𝐾𝑎 < 1), TRZ (i.e. case B with 1 < 𝐾𝑎 <
100) and BRZ (i.e. case C with 𝐾𝑎 > 100) regimes [23].  
 
Table 1:  
List of inflow turbulence parameters 
 
Case 𝒖′/𝑺𝑳 𝒍𝑻/𝜹𝒕𝒉 𝑹𝒆𝒕 Da Ka 
A 0.7 14.0 227 20.0 0.75 
B 5 14.0 1623 2.8 14.4 
C 14 4.0 1298 0.29 126 
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For cases A and B (case C) the domain size is taken to be 20𝑚𝑚 × 10𝑚𝑚 × 10𝑚𝑚 (8𝑚𝑚 ×
2𝑚𝑚 × 2𝑚𝑚), which has been discretised by a uniform Cartesian grid of dimension 512 ×
256 × 256 (1280 × 320 × 320). The simulation time corresponds to 1.0𝑙𝑇/𝑢′, 6.8𝑙𝑇/𝑢′ and 
6.7𝑙𝑇/𝑢′ for cases A-C respectively, and is comparable to several previous analyses [15,16,24-
27]. All the statistics are presented in the paper for the aforementioned time instants. However, 
the statistics shown in the paper remained qualitatively the same since halfway through the 
simulation. 
𝐳
𝛅
𝐭𝐡
 
⁄
 
 
𝐳
𝛅
𝐭𝐡
 
⁄
 
 
𝐳
𝛅
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⁄
 
 
 𝐱 𝛅𝐭𝐡 ⁄  
 
Figure 2: Instantaneous local flow topology fields: (top to bottom) cases A-C. Thick white 
lines show contours of 𝑐=0.1, 0.5, 0.9 (left to right) based on 𝐻2 mass fraction. 
 
3. RESULTS & DISCUSSION 
The spatial distribution of flow topologies and contours of 𝐻2 based RPV for 𝑐 = 0.1, 0.5 and 
0.9 (from left to right) are shown in Fig. 2, which indicates that the flow topology distributions 
are different between cases A-C. The flow is dominated, in order, by topologies S1,S4,S2,S3, 
altogether covering 95% by volume of the flow field. A more quantitative evaluation for the 
flame region (0.05 ≤ 𝑐 ≤ 0.95) is shown in Fig. 3 where the volume size distribution of 
connected topology regions, identified based on a flood fill algorithm, is shown. The integral 
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volume of S1-S4 topologies amounts to approximately 84 ± 1% but they remain dominant 
contributors within the flame because they appear for all values of 𝑃 (see Fig. 1). It has been 
found that the occurrence of topologies S1,S3,S4 decreases within the flame, whereas the 
occurrence of S2,S7 increases in all cases and this redistribution is increasingly less pronounced 
going from case A to case C. These trends can be qualitatively observed from Fig. 2 and 
exemplarily it is mentioned that the integral volume for topology S2 (S4) increases in the flame 
by 9.6, 5.5, 2.6% (8.8, 10.0, 1.25%) for cases A to C respectively, relative to the distribution in 
the whole domain. The frequent occurrence of the nodal S2 topology within the flame is also 
consistent with previous findings for statistically planar premixed flames [16,17], flame-droplet 
interaction [18] and autoigniting turbulent shear flows [21]. The dilatation rate is predominantly 
positive within the flame and thus S5 and S6, which are typical of 𝑃 = (−∇ ∙ ?⃗? ) > 0, are rarely 
obtained there. The relative strength of dilatation rate and likelihood of obtaining high positive 
values of ∇ ∙ ?⃗?  are significantly smaller in case C than in cases A and B because energetic 
turbulent eddies penetrate into the reaction zone and disturb the chemical reaction, which 
affects the magnitude of ∇ ∙ ?⃗?  [19]. However, previous analyses indicated that the magnitude 
of heat release rate does not necessarily decrease with increasing Karlovitz number but the heat 
release rate becomes less significant in comparison to turbulent transport contributions [28,29]. 
The weakening of ∇ ∙ ?⃗?  in case C is reflected in almost disappearance of the S8 topology which 
covers for case C less than 0.1% volume percent of the region 0.05 < ?̃? < 0.95 (note the 
logarithmic distribution in Fig. 3). Case B shows larger range of structures, especially more 
small structures, than in case A because 𝑅𝑒𝑡  in case B is greater than case A, whereas the value 
of 𝑙𝑇 remains the same. In case C, 𝑙𝑇 remains smaller which, along with higher 𝑅𝑒𝑡, leads to 
considerably smaller structures compared to cases A and B. It is worth noting that, apart from 
one large connected area on the burned gas side, S2 topologies are, specifically for cases A and 
B, characterised by relatively small structures (see Figs. 2,3).  
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Figure 3: Double logarithmic volumetric size distributions of connected topology regions 
within the flame  (0.05 < ?̃? < 0.95) for cases A-C. The binning size is exponential and the 
topology size is normalised with the cell volume. For reference the volume 𝛿𝑡ℎ
3  is shown on the 
x-axis. Focal topologies S1, S4, S5, S7 (red-blue-green-magenta solid lines) and nodal 
topologies S2, S3, S6, S8 (red-blue-green-magenta dashed lines). The same colour scheme is 
used for Figs. 4, 6 and 7. 
 
 
 
 
 
 
 
Figure 4: Variation with ?̃? of ?̃?𝑐
𝑖∗ = ?̃?𝑐
𝑖 × 𝛿𝑡ℎ/𝑆𝐿 where i = 0 indicates the total ?̃?𝑐
∗(black solid 
lines) and {i = 1,…,8} are the percentage-topology-weighted values corresponding to S1-8, 
respectively, for cases (left to right) A-C for  𝐻2 based RPV. 
 
 
The variations of ?̃?𝑐
∗ = ?̃?𝑐 × 𝛿𝑡ℎ 𝑆𝐿⁄  with ?̃? for 𝐻2 based RPV are shown in Fig. 4 (results for 
𝑂2 and 𝐻2𝑂 based RPVs are not shown because of qualitative similarity with the results for 𝐻2 
based RPVs) where the contributions conditional upon each topology ?̃?𝑐
𝑖∗ (i.e. 𝑖 = 1,2, … ,8 for 
S1-S8 respectively and ?̃?𝑐
∗ = ?̃?𝑐
0∗ = ∑ ?̃?𝑐
𝑖∗8
𝑖=1  ) are also shown. The magnitude of ?̃?𝑐
∗ for a 
given definition of RPV increases with increasing 𝑢′ 𝑆𝐿⁄ . For a given case, the peak value of 
?̃?𝑐
∗  has been found to be the highest for the 𝐻2 based RPV and the magnitudes of ?̃?𝑐
∗ remain 
comparable for 𝑂2 and 𝐻2𝑂 based RPVs (not shown here).   
 
Figure 4 shows that S2 remains the major contributor to ?̃?𝑐 for cases A and B. However, S7, 
S4, S8 and S1 (in decreasing order of significance) also contribute to ?̃?𝑐 in case A. In case B, 
S2, S7, S4, S1 and S8 remain the leading contributors in decreasing order of significance. The 
𝑵
𝒄𝒊∗
 
   
 ?̃? ?̃? ?̃? 
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major contributors to ?̃?𝑐 are S2, S1, S4 and S7 in case C for all definitions of RPVs. Note that 
the Favre-averaged SDR ?̃?𝑇 = 𝜌𝛼𝑇∇𝑐𝑇 . ∇𝑐𝑇̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ /?̅? of non-dimensional temperature 𝑐𝑇 = (𝑇 −
𝑇0)/(𝑇𝑎𝑑 − 𝑇0) also shows qualitatively similar behaviour as those of ?̃?𝑐 and thus is not shown 
here. 
 
 
Figure 5: Variation of the ?̃?𝑐 transport equation terms for cases (left to right) A-C: 𝐷1 (red), 𝑇1 
(green), 𝑇2 (blue), 𝑇3 (magenta), 𝑇4 (cyan) and (−𝐷2) (black) against ?̃? for (top to bottom)  𝐻2 
and 𝐻2𝑂 based RPVs. 
 
The variations of normalised values of 𝐷1, 𝑇1, 𝑇2, 𝑇3, 𝑇4 and (−𝐷2) with ?̃? for 𝐻2 and 𝐻2𝑂 based 
RPVs are presented in Fig. 5 (results for 𝑂2 based RPVs are not shown because of qualitative 
similarity with the results for 𝐻2𝑂 based RPV), which shows the magnitude of the leading 
contributors increases from case A to case C. Figure 5 shows that (−𝐷2) acts as a major sink 
for all cases for all definitions of RPV, and 𝑇2 acts as a primary source term. The magnitudes 
of 𝐷1 and 𝑇1 remain negligible in comparison to those for 𝑇2 and (−𝐷2) in all cases irrespective 
of the definition of RPV. The term 𝑇3 acts as an additional important sink for cases A and B, 
with its magnitude comparable to that of (−𝐷2) in case A for 𝑂2 and 𝐻2𝑂 based RPVs. The 
higher molecular diffusivity of 𝐻2 than 𝑂2 and 𝐻2𝑂 causes (−𝐷2) to have higher magnitudes 
than 𝑇3  in the case of 𝐻2 based RPV in case A. In contrast, 𝑇3 switches from a sink to a major 
source for case C and this behaviour is particularly prominent for 𝑂2 and 𝐻2𝑂 based RPVs.  
 
𝒕𝒆
𝒓
𝒎
𝒔 
   
𝒕𝒆
𝒓
𝒎
𝒔 
   
 ?̃? ?̃? ?̃? 
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Figure 6: Variation with ?̃?  of {𝐷1
𝑖∗ , 𝑇1
𝑖∗, 𝑇2
𝑖∗, 𝑇3
𝑖∗  and (−𝐷2
𝑖∗)} = {𝐷1
𝑖  , 𝑇1
𝑖, 𝑇2
𝑖, 𝑇3
𝑖  and (−𝐷2
𝑖)} ×
𝛿𝑡ℎ
2 /𝜌0𝑆𝐿
2 where i = 0 indicates the total term (black solid lines) and {i = 1,…,8} are the 
percentage-topology-weighted terms corresponding to S1-S8, respectively, for cases (left to 
right) A-C for 𝐻2 based RPV.  
 
The contribution of 𝑇3 can be expressed as [6,7,30]: 𝑇3 =
−2𝜌(𝑒𝛼 cos2 𝛼 + 𝑒𝛽 cos2 𝛽 + 𝑒𝛾 cos2 𝛾)𝑁𝑐̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ where 𝑒𝛼, 𝑒𝛽 and 𝑒𝛾  are the most extensive, 
intermediate and the most compressive principal strain rates and the angles of ∇𝑐 with the 
eigenvectors corresponding to 𝑒𝛼, 𝑒𝛽 and 𝑒𝛾  are given by 𝛼, 𝛽 and 𝛾 respectively. This suggests 
that a preferential collinear alignment of ∇𝑐 with 𝑒𝛼 (𝑒𝛾) results in a positive (negative) value 
of 𝑇3. Previous studies [6,7,30] found that ∇𝑐 preferentially aligns with 𝑒𝛼 when the strain rate 
induced by flame normal acceleration 𝑎𝑐ℎ𝑒𝑚 dominates over turbulent straining 𝑎𝑡𝑢𝑟𝑏, and a 
preferential alignment between 𝑒𝛾 and ∇𝑐 is obtained when 𝑎𝑡𝑢𝑟𝑏 overcomes 𝑎𝑐ℎ𝑒𝑚. It was also 
𝑫
𝟏𝒊∗
 
   
𝑻
𝟏𝒊∗
 
   
𝑻
𝟐𝒊∗
 
   
𝑻
𝟑𝒊∗
 
   
(−
𝑫
𝟐𝒊∗
) 
   
 
?̃? ?̃? ?̃? 
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reported [1,6,7] that 𝑎𝑐ℎ𝑒𝑚 𝑎𝑡𝑢𝑟𝑏⁄  can be taken to scale as 𝑎𝑐ℎ𝑒𝑚 𝑎𝑡𝑢𝑟𝑏⁄ ~(𝑇𝑎𝑑 − 𝑇0)𝑓(𝐾𝑎)𝐷𝑎/
𝑇0  where 𝑓(𝐾𝑎) is expected to decrease with increasing 𝐾𝑎. The value of (𝑇𝑎𝑑 −
𝑇0)𝑓(𝐾𝑎)𝐷𝑎/𝑇0 decreases from cases A to C, which leads to a greater (smaller) extent of ∇𝑐 
alignment with 𝑒𝛾 (𝑒𝛼) in case B (case C) than in case A (case B). This leads to a preferential 
alignment of ∇𝑐 with 𝑒𝛼 for cases A and B because of 𝐷𝑎 ≫ 1, whereas ∇𝑐 aligns with the 
most compressive principal strain rate in case C (where 𝐷𝑎 < 1).  This alignment gives rise to 
negative (positive) contributions of 𝑇3 in cases A and B (case C).  A previous study [10] showed 
that a decrease in Lewis number of the RPV leads to an increased (reduced) propensity for ∇𝑐 
alignment with 𝑒𝛼 (𝑒𝛾), and this leads to a smaller positive contribution of 𝑇3 in case C for 𝐻2 
based RPV than in cases of 𝑂2 and 𝐻2𝑂 based RPVs. 
 
Figure 5 also shows that the behaviour of 𝑇4 changes significantly with the definition of the 
RPV. In the case of 𝐻2 based RPV, the term 𝑇4 acts as a leading source term whereas this term 
remains negligible in comparison to the magnitudes of 𝑇2 and (−𝐷2) for 𝑂2 and 𝐻2𝑂 based 
RPVs. On the other hand, 𝑇4 acts as a leading sink if the RPV is defined based on the non-
dimensional temperature (not shown here). The term 𝑇4 can alternatively be expressed as: 𝑇4 =
−2𝐷(𝜕?̇? 𝜕𝑛⁄ )|∇𝑐|̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ where n  is the flame normal direction and ?⃗? = −∇𝑐/|∇𝑐| is the flame 
normal vector.  Note that (𝜕?̇? 𝜕𝑛⁄ ) assumes negative (positive) value on the unburned (burned) 
gas side of the flame. For 𝐻2, the distribution of ?̇? is such that the negative contribution of 
(𝜕?̇? 𝜕𝑛⁄ ) is higher in magnitude than its positive contribution and the transition from negative 
to positive value of (𝜕?̇? 𝜕𝑛⁄ ) takes place for a 𝑐 value which is biased towards the burned gas 
side of the flame front and the opposite is valid for 𝑐𝑇. This leads to predominantly positive 
(negative) values of 𝑇4 for 𝐻2 (temperature) based RPV. The positive and negative 
contributions of (𝜕?̇? 𝜕𝑛⁄ ) are comparable for the case of 𝑂2 and 𝐻2𝑂 based RPVs and the 
transition from negative to positive value takes place close to 𝑐 ≈ 0.5, and thus, on averaging 
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−2𝐷(𝜕?̇? 𝜕𝑛⁄ )|∇𝑐|, one obtains a positive (negative) contribution of 𝑇4 with negligible 
magnitude towards the unburned (burned) gas side of the flame brush in all cases.   
 
 
Figure 7: Variation with ?̃? of 𝑇4
𝑖∗ = 𝑇4
𝑖 × 𝛿𝑡ℎ
2 /𝜌0𝑆𝐿
2 where i = 0 indicates the total 𝑇4 (black 
solid lines) and {i = 1,…,8} are the percentage-topology-weighted term corresponding to S1-
8, respectively, for cases (left to right) A-C for (top to bottom) 𝐻2 and 𝐻2𝑂 based RPVs. 
 
The term-by-term contributions of each individual topology to the ?̃?𝑐 transport (i.e. 
𝐷1
𝑖  , 𝑇1
𝑖 , 𝑇2
𝑖, 𝑇3
𝑖  and (−𝐷2
𝑖) where 𝑖 = 1,2, … ,8 for 𝑆1 − 𝑆8 such that 𝑇𝑗 = 𝑇𝑗
0 = ∑  𝑇𝑗
𝑖8
𝑖=1  for 𝑗 =
1 − 3, 𝐷1 = 𝐷1
0 = ∑  𝐷1
𝑖8
𝑖=1  and −𝐷2 = −𝐷2
0 = −∑  𝐷2
𝑖8
𝑖=1 ) as a function of ?̃? based on 𝐻2 are 
shown in Fig. 6 for cases A-C. The results for non-dimensional temperature as well as 𝑂2 and 
𝐻2𝑂 based RPVs are not explicitly shown because of qualitative similarities with the 𝐻2 based 
RPV.  
 
It was found that 𝑇4 is most sensitive to the choices of RPV, and the contributions of each 
individual topology to 𝑇4 (i.e. 𝑇4
𝑖  where 𝑖 = 1,2, … ,8 for 𝑆1 − 𝑆8 such that 𝑇4 = 𝑇4
0 =
∑  𝑇4
𝑖8
𝑖=1 ) are shown in Fig. 7 for the RPVs based on 𝐻2 and 𝐻2𝑂 (results for 𝑂2 based RPV are 
not shown because of qualitative similarity with the results for 𝐻2𝑂 based RPV). The 
contributions of flow topologies to 𝑇4 for ?̃?𝑇 are qualitatively similar to those observed for 𝑂2 
and 𝐻2𝑂 based RPVs and thus are not shown here. 
𝑻
𝟒𝒊∗
 
   
𝑻
𝟒𝒊∗
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Table 2 
Leading contributions of flow topologies to the different terms of ?̃?𝒄 transport. 
Case 𝑫𝟏 𝑻𝟏 𝑻𝟐 𝑻𝟑 𝑻𝟒(𝑯𝟐) 𝑻𝟒(𝑯𝟐𝑶) −𝑫𝟐 
A S1-S4,S7,S8 S1, S2, S4, S7,S8 
and S8 
S2,S7,S8 S2,S7,S8 S2,S7,S4 S2,S8,S1,S3 S2,S7, S1, S4 
B S1-S4,S7,S8 S1, S2, S4, S7,S8 S2,S7,S8 S2,S7,S8 S2,S4,S7 S2,S8,S1,S4 S2,S7, S1, S4 
C S1-S4 S2,S1,S4,S7 S2,S4,S1 S2,S1,S4,S3 S2,S1,S4,S7 S1-S4,S7 S2, S1,S4,S7 
 
From Figs. 6 and 7, the topologies which are significant contributors to 𝐷1, 𝑇1, 𝑇2, 𝑇3, 𝑇4 (for 
𝐻2 and 𝐻2𝑂 based RPVs) and (−𝐷2) in cases A-C are summarised in Table 2 in the decreasing 
order of significance.  As topology contributions to 𝑇4 for 𝑂2 based RPV are similar to that in 
the case of 𝐻2𝑂 based RPV, this information is not explicitly provided in Table 2. It is evident 
from Table 2 that S1-S4, S7 and S8 topologies play key roles in the ?̃?𝑐 transport in the CF 
regime flame, but the contributions of S7 and S8 topologies, which are obtained only for 
positive dilatation rates, weaken with an increase in Karlovitz number, and ultimately for the 
BRZ regime the ?̃?𝑐 transport is principally governed by S1-S4 topologies, although S7 still 
shows a non-negligible (4th important) role for some terms (𝑇1, 𝑇4, 𝐷2). The implications in 
turbulent combustion modelling is that, in the CF regime it is necessary to properly characterise 
the features of S7, S8 and S1-S4 for accurate prediction of the ?̃?𝑐  transport, whereas in the 
BRZ regime a simple configuration with predominant features of S1-S4 may be sufficient. 
Furthermore, Table 2 reveals that S2 is the leading contributor to all the terms of the ?̃?𝑐 
transport equation and thus unstable nodal topologies with saddle points are of key importance 
for the ?̃?𝑐 transport. The counter-flow configuration has the predominant feature of S2, and 
thus simplified experiments and computations for the flames in this configuration can be an 
ideal starting point for the analysis of the statistical behaviour and the modelling of the ?̃?𝑐  
transport. 
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4. CONCLUSIONS 
The Favre-averaged SDR ?̃?𝑐 and its transport conditional on flow topologies have been 
analysed based on a DNS database containing three freely propagating statistically planar H2-
air flames with an equivalence ratio of 0.7 representing the CF, TRZ and BRZ regimes of 
turbulent premixed combustion. The transport of ?̃?𝑐 has been analysed for RPVs based on 
𝐻2, 𝑂2 and 𝐻2𝑂 mass fractions. It has been found that the weakening of heat release with 
increasing Karlovitz number affects flow topology distribution and the behaviour of the 
reacting scalar gradient alignment with local principal strain rates, which in turn affect the 
nature of the scalar-turbulence interaction term in the ?̃?𝑐 transport. Furthermore, the choice of 
RPV affects the reaction rate gradient contribution to the ?̃?𝑐 transport. The flow topologies S1-
S4, which can be obtained for all values of dilatation rate ∇. ?⃗? , contribute significantly to the 
?̃?𝑐  transport in all regimes of premixed turbulent combustion. However, the topologies (i.e. 
S7 and S8), which are obtained only for positive values of dilatation rate (i.e. ∇. ?⃗? = −𝑃 > 0), 
also contribute significantly to the ?̃?𝑐 transport in the CF regime. It has been found in a previous 
analysis [20] that the topologies S1-S4 also play key roles in the enstrophy transport in all 
regimes of combustion, whereas S7 and S8 topologies play dominant role only in the CF 
regime. However, no particular flow topology has been found which remains dominant 
contributor to all the terms of the enstrophy transport equation, whereas an unstable nodal flow 
topology with saddle points (i.e. S2), which mimics the counter-flow configuration, turns out 
to be the major contributor to all the source/sink terms in the ?̃?𝑐 transport irrespective of the 
choice of RPV for all regimes of premixed combustion.  
 
For low Mach number flows, as in the cases considered here, the SDR transport equation for 
passive scalar mixing becomes fundamentally different from premixed turbulent combustion 
as two important terms 𝑇2 and 𝑇4 disappear for passive scalar transport and 𝑇3 is governed by 
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entirely different physics [6,7]. Furthermore, in low Mach number passive scalar mixing 
without heat release one only obtains flow topologies S1-S4 and the possibility of obtaining 
topologies S5-S8 completely disappears. In spite of these differences it was reported in Ref. 
[17] that the S2 topology dominates turbulent straining which in turn influences 𝑇3 and −𝐷2 , 
which are the leading order terms in the SDR transport for passive scalar mixing. Thus, the 
available evidences indicate that counter-flow configuration can be a reasonably representative 
configuration, which plays a dominant role in the SDR transport and thereby can serve as a test 
bed for fundamental understanding and modelling of the ?̃?𝑐 by using simplified experiments 
and numerical simulations instead of considering complex burner geometries. However, more 
investigation in other non-canonical configurations will be necessary to claim the dominant 
behaviour of the counter-flow configuration in the SDR transport.  
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FIGURE CAPTIONS 
Figure 1: (Top) Classification of S1 − S8 topologies in the 𝑃 − 𝑄 − 𝑅 space. The lines 
(defined by the cyan and grey surfaces) 𝑟1𝑎 (red), 𝑟1𝑏 (blue) and 𝑟2 (green) dividing the 
topologies are shown. Black dashed lines correspond to 𝑄 = 0 and 𝑅 = 0. (Bottom) Schematic 
of S2 topology: unstable node and 2 saddle points. 
Figure 2: Instantaneous local flow topology fields: (top to bottom) cases A-C. Thick white 
lines show contours of 𝑐=0.1, 0.5, 0.9 (left to right) based on 𝐻2 mass fraction. 
Figure 3: Double logarithmic volumetric size distributions of connected topology regions 
within the flame  (0.05 < ?̃? < 0.95) for cases A-C. The binning size is exponential and the 
topology size is normalised with the cell volume. For reference the volume 𝛿𝑡ℎ
3  is shown on the 
x-axis. Focal topologies S1, S4, S5, S7 (red-blue-green-magenta solid lines) and nodal 
topologies S2, S3, S6, S8 (red-blue-green-magenta dashed lines). The same colour scheme is 
used for Figs. 4, 6 and 7. 
Figure 4: Variation with ?̃? of ?̃?𝑐
𝑖∗ = ?̃?𝑐
𝑖 × 𝛿𝑡ℎ/𝑆𝐿 where i = 0 indicates the total ?̃?𝑐
∗(black solid 
lines) and {i = 1,…,8} are the percentage-topology-weighted values corresponding to S1-8, 
respectively, for cases (left to right) A-C for  𝐻2 based RPV. 
Figure 5: Variation of the ?̃?𝑐 transport equation terms for cases (left to right) A-C: 𝐷1 (red), 𝑇1 
(green), 𝑇2 (blue), 𝑇3 (magenta), 𝑇4 (cyan) and (−𝐷2) (black) against ?̃? for (top to bottom)  𝐻2 
and 𝐻2𝑂 based RPVs. 
Figure 6: Variation with ?̃?  of {𝐷1
𝑖∗ , 𝑇1
𝑖∗, 𝑇2
𝑖∗, 𝑇3
𝑖∗  and (−𝐷2
𝑖∗)} = {𝐷1
𝑖  , 𝑇1
𝑖, 𝑇2
𝑖, 𝑇3
𝑖  and (−𝐷2
𝑖)} ×
𝛿𝑡ℎ
2 /𝜌0𝑆𝐿
2 where i = 0 indicates the total term (black solid lines) and {i = 1,…,8} are the 
percentage-topology-weighted terms corresponding to S1-S8, respectively, for cases (left to 
right) A-C for 𝐻2 based RPV.  
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Figure 7: Variation with ?̃? of 𝑇4
𝑖∗ = 𝑇4
𝑖 × 𝛿𝑡ℎ
2 /𝜌0𝑆𝐿
2 where i = 0 indicates the total 𝑇4 (black 
solid lines) and {i = 1,…,8} are the percentage-topology-weighted term corresponding to S1-
8, respectively, for cases (left to right) A-C for (top to bottom) 𝐻2 and 𝐻2𝑂 based RPVs. 
